Experimental demonstration of nonlocal effect in partial collapse measurement and 

reversal operation 
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We demonstrate experimentally the nonlocal reversal of a partial-collapse quantum measurement 
of a two-photon entangled state. Both the partial measurement and the reversal operation are 
implemented in linear optics with two displaced Sagnac interferometers, characterized by single qubit 
quantum process tomography. The recovered state is measured by quantum state tomography and 
its nonlocality is characterized by testing the Bell inequality. Our result will be helpful in quantum 
communication and quantum error correction. 
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Quantum measurement (QM) was firstly explained by 
von Neumann as a projective measurement [1] and then 
developed to be a general measurement theory in stan- 
dard quantum mechanics [2] . Different from other quan- 
tum process wave packet collapse in QM, which can 
monitor the transition from quantum to classical is 
too rapid to test and depict [5| . During the early days of 
QM, this collapse was just recognized as a postulate [l|,[2|. 
In the 80's, it was reinterpreted as a consequence of envi- 
ronment induced decoherence 0, El, • framework 
of decoherence theory, a complete QM process would be 
an evolution of an open system, containing three parts: 
a quantum system (S), a measurement apparatus (A), 
and an environment (E), that could be divided into two 
steps: an interaction between S and A that produces 
correlations between them, and a decoherence induced 
by E transforming a quantum measurement into a clas- 
sical probable event [7|. When considering all elements 
in a quantum measurement, the general quantum mea- 
surement theory will be reinterpreted in terms of positive 
operator valued measures (POVMs) [3|,IH. 

A special kind of POVM arises in the partial collapse 
measurement (PM) in which the initial state changes only 
weakly and yields little information about it |9l-[ll|. In 
this situation, although the interaction between S and 
A is not strong, the orthogonal decomposition of sub- 
system A and the decoherence of the composite system 
in E will partially collapse the measured quantum sys- 
tem. For the partial extraction of information from PM, 
a general QM process can be tested and characterized in 
detail by changing the interaction intensity in PM (de- 
fined in term of partial collapse strength p) . Unlike 
irreversible collapses in QM processes in general, a state 
collapse in a PM is unsharp and can be reversed, i.e., the 
system's initial state can be recovered [13nl5j . This state 
recovery is useful in quantum error corrections [l6| and 
has been experimentally demonstrated in solid state sys- 
tems PJ, lia 111 as well as in linear optics [19]. Partial 
state collapses in PMs can also be utilized to simulate 



and analyze amplitude damping channels [sl, [20| . 

As a useful resource, quantum entanglement is very 
flimsy and subject to unavoidable degradation under en- 
vironment induced dissipation and decoherence [21, 22j. 
However, by exploiting quantum measurement, we can 
overcome quantum disentanglements in noisy channels 
(23| . In addition, hidden entanglement can also be dis- 
tilled by PM [24] and entanglement dynamics induced by 
PM in solid state systems has been studied ^]. Elitzur 
and Dolev have pointed out [9| that a PM has nonlocal 
effects; in more detail, PM decoherence on a single sub- 
system state of an entangled state can be compensated 
by a corresponding PM on the other subsystem state, by 
which means the initial entangled state can be recovered. 
Such nonlocal effects can be helpful in studying quantum 
paradox, such as Hardy's paradox and in utilizing 
entanglement in real quantum communication channels. 
In this paper, we describe an experiment demonstrating 
these nonlocal effects and realizing a nonlocal reversal of 
PM in a two qubits photonic system. 

A essential part of a PM is the detector, that with 
probability p collapses the system to a prescribed state 
(for example, a vertical polarization state denoted here 
by |V^)). Even if the detector is not click, failure of this 
probable detector can mean partial gain in information 
about the system and thus produces a physical collapse 
to a state that is non-orthogonal to one produced in 
the event of a successful case [9[. The state evolution 
in a non-click event, usually defined as an interaction 
free measurement [27], can be in theory represented by a 
measurement operator in the measurement basis of \H) 
(horizontal polarization) and \V) 
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Unlike irreversible projective measurements, the matrix 
Pm has a mathematical inverse 



Rm = 



(2) 



where P'j^ 
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surement with the same partial collapse strength p as 
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FIG. 1: (color online). Scheme of the experimental setup. 
Degenerate polarization-entangled photon pairs [si] of wave- 
length 800 nm are generated by two 0.5-mm-thick /3-barium- 
borate (BBO) crystals, cut at 29.8° and pumped by a mode 
locked Ti:sapphire laser. Using two compensatory crystals 
(CC), we erase the time difference and prepare as an initial 
state one of the Bell states. The partial measurement of the 
photon's polarization is realized by displaced Sagnac interfer- 
ometer and two half wave plates (HWP) in each arm. The 
final state is reconstructed by quantum state tomography [s^] 
with two measurement devices composed of a quarter wave 
plate (QWP), a HWP, polarizing beam splitter (PBS), and a 
single photon detector (SPD). BP signifies Bell state prepa- 
ration. 




Partial collapse strength 

FIG. 2: (color online). Schematic diagram illustrating with 
the aid of the Bloch sphere the state evolution under partial 
collapse measurement and reversal, (a), (b), (c), and (d) rep- 
resent the evolution for different input states {\H), \ V), \R), 
and \D) respectively). The first row represents the initial 
states, the second and third row represent the state after par- 
tial measurement and reversal. The last row depicts the fideli- 
ties of recovered states after reversal. \H), \ V), \R) and \D) 
states are represented by square, circle, triangle and diamond. 
Error bars are smaller than the spot size. 



Pm on the orthogonal basis. Rm is physically de- 
fined as reversal operator of partial measurement Pm 
pJ6| . Here, we consider partial collapse measurements 
and reversal operations of the two photon Bell state 
IV;) = -^{\HH) + \VV)) [iij. A Pm operation acting 
on the first photon (labeled by A ), mathematically ex- 
pressed as Pm ^ I {I representing the identical operator 
here acting on the other photon P), will change Itjj) to 
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\HH) + y^T^\VV)), 
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the concurrence [30] of which is 2yT^^/(2 — p). Subse- 
quently, a local reversal of Pm can be realized by a Rm 
operation on photon A. The entire process can be math- 
ematically expressed as {Rm •Pm)^!^ which equals I^I 
if Rm is of the same partial collapse strength as Pm and 
the maximal entangled state can be revived from IV^i), 
that is to say, partial information about initial state 
obtained from the previous Pm operation can be erased. 
However, as Elitzur and Dolev have pointed out [9], a 
nonlocal reversal of the previous Pm can be realized by a 
Rm operation on the second photon. Consequently, the 
entangled state can be nonlocally revived to by 
employing Rm with the same collapse strength as Pm- 
The Pm and Rm operations can be implemented with 



a set of Brewster-angle glass plates jH, [IJ, the collapse 
strength of which can only be adjusted within a limited 
range (0.4-0.9) and certain discrete values. In our ex- 
periment (see Figure[I] for setup details), these are im- 
plemented with two Sagnac interferometers [29| and four 
HWPs, which can manipulate independently and coher- 
ently the photon's polarization with high fidelity. Each 
interferometer has two HWPs, one in \V) path (labeled 
by HWPl) and the other in \H) path (labeled by HWP2). 
The partial collapse strength p is given by sin^ ^, where 
is the angle of the HWPs, and in our experiment can 
be adjusted continuously within the full range (0, 1). 
The operation Pm with collapse strength p is realized 
by rotating HWPl through angle 9 in photon A's inter- 
ferometer. A local reversal is realized by rotating HWP2 
through the same angle as HWPl in photon A's inter- 
ferometer. A nonlocal reversal is realized by rotating 
HWP2 through the same angle as HWPl in photon P's 
interferometer. 

Generally, quantum processes can be described as a 
quantum state evolution (QSE) of a system, that is, to- 
mography of the state after evolution for a designated 
input state. In Fig.[2l we have schematically illustrated 
the state evolution of four input states {\H)^\V)^\R) = 
{\H) - i\V))/V2, and \D) = {\H) ^ \V))/V2) of a her- 
alded single photon with the aid of the Bloch sphere. 
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FIG. 3: (color online). Real parts of x matrix in the quantum 
process tomography for: First row, partial collapse measure- 
ment; Second row, reversal of previous partial measurement. 
(i,j) in each graphic represents the partial collapse strength 
of Pm and Rm respectively. The imaginary parts of the x 
matrices are negligible. The third row shows the fidelity of 
both the partial collapse measurement and reversal operation 
together at different partial collapse strengths. 



With increasing partial collapse strength, states \R) and 
|D) will gradually collapse to state \H). As long as the 
collapse is not completely to \H), the initial states can 
be recovered. In the last row of Fig.O we depict the fi- 
delity of the recovered state [s^ obtained by the reversal 
operation. The slightly depressed fidelities for cases \R) 
and \D) are caused by the phase error due to the HWPs 
in the Sagnac interferometer, which can be corrected by 
a phase compensate plate [35]. 

Next, we use quantum process tomography (QPT) [14] 
to fully characterize this single qubit operator Pm and 
Rm ' Pm^ implemented by using Sagnac interferometers. 
In the QPT method, Pm and Rm • Pm can be fully rep- 
resented by a X matrix in the basis (/, X, F, Z), where 
X, y, Z represent the Pauli matrices. From Eq. (1), the x 

representation of Pm is [(l + V^l ~P)^]/2, 
reducing to / when p = and (/ + Z)/2 in the limit 
p ^ 1. For a reversal operation with the same par- 
tial collapse strength intended to recover the initial state 
from the state after partial measurement, the effect of 
process Pm plus Rm equals an identical operation /. In 
the experiment, we reconstructed the x matrices of Pm 
and Rm-Pm by using the maximum likelihood estimation 
method [33] , which are shown in the first and second rows 
of Fig.[3l Taking Pm, it is clear that, with increasing par- 
tial collapse strengths p, the coefficient of / decreases and 
the effects of the Z operation begin to emerge. For rever- 
sals, these equal / for different partial collapse strength 
within the range of error. To quantitatively analyze the 
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FIG. 4: (color online). Schematically diagrams illustrating 
the entangled state evolution under local and nonlocal rever- 
sals of the partial collapse measurements using the real parts 
of density matrices. The imaginary parts are negligible, (a), 

(b) , and (c) depict the states with partial collapse strengths 
0.1, 0.5, and 0.9 respectively after partial measurements, (d), 
(e) and (f) depict the recovered states of those in (a), (b), and 

(c) by local reversal with the same partial collapse strength 
accordingly, (g), (h), and (i) depict the recovered states of 
those in (a), (b), and (c) by nonlocal reversals. The last 
row graphs the concurrences of states after partial measure- 
ment (circle), local reversal (triangle) and nonlocal reversal 
(square). The dashed line represents the theoretical predic- 
tion of the concurrence of the state after partial measurement 
calculated from Eq. (4). 



reversal of the partial measurement on a single qubit, we 
calculate the reversal fidelity |3^ defined as 

Fprocess = Tr[^J xV^ XexpX^^f ^ (4) 

where xi represents the x matrix of / and Xexp represents 
the X matrix reconstructed from the experiment. In the 
third row of Fig.[3l we depict the reversal fidelity for dif- 
ferent partial collapse strengths. Generally, the Pm and 
Rm operations of a single qubit should be implemented 
by two independent elements. In our experiment, these 
are implemented within one interferometer. For this rea- 
son, the reversal fidelity is above 0.93 ± 0.01, indicating 
that the visibility of our Sagnac interferometers is large 
enough to implement a nonlocal reversal operation. 
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After characterizing the Pm and Rm • Pm operations 
of single qubit, we study the local and nonlocal reversal 
of partial collapse measurement on the entangled state 
by using QSE analysis. A partial measurement on state 
l-^) changes it to IV^i), these are graphically represented 
in (a), (b) and (c) of Fig. HI The local reversal of par- 
tial collapse measurements with the same partial col- 
lapse strength can revert the system to its initial state, 
graphically represented in (d), (e) and (f) of Fig. HI The 
nonlocal reversal of partial measurements with the same 
partial collapse strength has the same restorative effects 
and these are graphically represented in (g), (h) and (i) 
of Fig.m In the last row of Fig.lH the concurrence of 
the states after partial measurement, local reversal, and 
nonlocal reversal are depicted. Because the initial state 
prepared in the experiment is not pure enough (the mea- 
sured concurrence is 0.95 ± 0.02), the concurrences of 
the states after partial measurement are all below the 
theoretical prediction (dot dashed line in last row of 
Fig. 2]). However, these have similar variational tenden- 
cies predicted by theory. Since only one interferometer is 
used to implement local reversals, the states after partial 
measurement can be recovered with a large concurrence, 
(0.92 ±0.03 for the worst case) by using local reversal. In 
nonlocal reversals, the states can be recovered with con- 
currence around 0.9. Large concurrences of the recovered 



states predict a high interference visibility, that is, 0.96 
for a single interferometer and 0.91 for two interferome- 
ters. 

Another important characteristic of quantum mechan- 
ics is nonlocality [28^ , which will be a very useful feature 
to exploit in quantum technologies [36]. In our exper- 
iment, we measured the nonlocality of recovered states 
by the Clauser-Horne-Shimony-Holt inequality, 6* < 2 for 
any local realistic theory [s^- By calculating the max- 
imal value of S from the measured density matrix for 
a recovered state at partial collapse strength p = 0.5, 
we get the maximal violation angle (^i = —3.6°,6[ = 
-18.0°, 6>2 = -46.8°, = 21.6°). Accordingly, the mea- 
sured value of S is 2.538 ± 0.035, which violates the local 
realism limit 2 by over 15 standard deviations. 

In conclusion, by using inherently stable modified 
Sagnac interferometers with high interference visibility, 
we have experimentally demonstrated local and nonlocal 
reversals of partial measurements on photonic entangled 
state. Our result will be helpful in quantum communica- 
tion and quantum error correction. 
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